The heterogeneity of ␥-aminobutyric acid type A (GABAA) receptors contributes to the diversity of neuronal inhibition in the regulation of information processing. Although most GABA A receptors are located synaptically, the small population of ␣5GABAA receptors is largely expressed extrasynaptically. To clarify the role of the ␣5GABAA receptors in the control of behavior, a histidineto-arginine point mutation was introduced in position 105 of the murine ␣5 subunit gene, which rendered the ␣5GABAA receptors diazepam-insensitive. Apart from an incomplete muscle relaxing effect, neither the sedative, anticonvulsant, nor anxiolytic-like activity of diazepam was impaired in ␣5(H105R) mice. However, in hippocampal pyramidal cells, the point mutation resulted in a selective reduction of ␣5GABAA receptors, which altered the drugindependent behavior. In line with the role of the hippocampus in certain forms of associative learning, trace fear conditioning, but not delay conditioning or contextual conditioning, was facilitated in the mutant mice. Trace fear conditioning differs from delay conditioning in that the conditioned and unconditioned stimulus are separated by a time interval. Thus, the largely extrasynaptic ␣5GABAA receptors in hippocampal pyramidal cells are implicated as control elements of the temporal association of threat cues in trace fear conditioning.
T
he diversity in inhibition through interneurons is an important aspect in the regulation of neuronal information processing. The synchronous firing of inhibitory interneurons is thought to contribute to synaptic plasticity (1) (2) (3) (4) . Concomitantly, the structurally diverse ␥-aminobutyric acid type A (GABA A ) receptor subtypes would also be expected to play a role in adaptive brain functions, such as learning and memory (5, 6) . The structurally diverse GABA A receptors in hippocampal pyramidal cells are a case in point with their striking domainspecific distribution for the fine tuning of their neuronal activity (7) . Although ␣ 1 GABA A receptors occur mainly in axodendritic and axosomatic synapses, ␣ 2 GABA A receptors are particularly prominent in axoaxonic and specific axosomatic synapses (8) (9) (10) . Among brain GABA A receptors, those containing the ␣ 1 -, ␣ 2 -, and ␣ 3 -subunit are largely synaptic. However, the small receptor population containing the ␣ 5 -subunit is not concentrated in synapses, as demonstrated in olfactory bulb and in hippocampal pyramidal cells (11, 12) . Various types of extrasynaptic GABA A receptors have been found to mediate tonic inhibition as demonstrated in patch clamp recordings (13, 14) . In the present work, an attempt was made to identify the functional significance of a specific, extrasynaptic GABA A receptor in behavioral terms. To clarify the in vivo relevance of the ␣ 5 GABA A receptor, a mouse line was generated containing a point mutation in position 105 of the ␣ 5 -subunit by gene targeting.
Methods
Mouse Breeding. The histidine residue in position 105 was replaced by arginine (H105R) in the mouse ␣ 5 -subunit gene essentially as described (15, 16) . RW-4 embryonic stem cells were purchased from Genome Systems (St. Louis). These cells were derived from the 129͞SvJ substrain. Chimeras were bred with EIIa-cre mice (17) on the 129͞SvJ background (RCC, Füllinsdorf, Switzerland), and the neomycin-resistance cassette was permanently removed. Offspring carrying the cre transgene and the mutation were then bred with wild type 129͞SvJ mice and animals carrying the point mutation but not the EIIa-cre transgene were selected. These mice were further bred against 129͞SvJ wild-type mice. Subsequently, heterozygotes were intercrossed. Between 20 and 40 breeding pairs of both homozygous mutant and wild-type mice produced the experimental animals, which were used at 8-12 weeks of age. Each mouse was injected with diazepam only once. All animal experiments were approved by the Cantonal Veterinary Office in Zurich.
Immunohistochemistry. Immunoperoxidase staining for the ␣ 1 -, ␣ 2 -, ␣ 3 -, and ␣ 5 -subunit was performed in perfusion-fixed adult mouse brain parasagital sections using antigen retrieval to enhance the staining (9) . The densitometric analysis was carried out with the MCID M5 imaging system (Imaging Research, St. Catherines, ON, Canada) in digital images from sections of wild type and ␣ 5 (H105R) mutant processed simultaneously under identical conditions. The relative staining intensity in regions of interest was measured in the fornix and subtracted. Values are given as mean Ϯ SD using an arbitrary scale. Statistical comparison was done with one-way ANOVA, using the TukeyKramer test for posthoc multiple comparisons. Doubleimmunofluorescence staining was done in cryosections from fresh-frozen brain, using guinea pig antibodies against the ␣ 2 -or ␣ 5 -subunit (1:4,000) (18) together with the monoclonal antibody mAb7a against gephyrin (1:300; Connex, Martinsried, Germany) with a protocol optimizing detection of postsynaptic GABA A receptor clusters (9) . Images from both markers were acquired sequentially by multitracking with a Zeiss Pascal confocal laser scanning microscope, digitally merged, and processed for background subtraction by using identical parameters for wild type and mutant. Autoradiography was performed as described (19) .
Electrophysiology. Parasagital brain slices were obtained from both wild-type and ␣ 5 (H105R) mice (3-6 weeks of age) and superfused (20) during the recording at 1-2 ml/min with equilibrated (95% O2͞5% CO 2 ) artificial cerebrospinal fluid containing 125 mM NaCl, 26 mM NaHCO3, 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2.5 mM CaCl, and 1 mM MgCl. Bipolar stimulus electrodes were placed in the middle third of the stratum radiatum of the hippocampal CA1 region for the application of current pulses of 30 s duration and 10-100 A. Field excitatory postsynaptic potentials were measured, amplified and digitized by using a Digidata 1200 A͞D interface and PCLAMP software (Axon Instruments, Foster City, CA).
Behavior. The behavioral tests were performed as described (21, 22) .
Motor and locomotor activity. Recordings were made in automated circular arenas for 1 h starting 30 min after drug administration.
Pentylenetetrazole test. Mice were injected i.p. with 120 mg/kg of pentylenetetrazole 30 min after oral diazepam or vehicle administration. The latency to tonic convulsion was recorded during a 10-min period of observation.
Light-dark choice test. Mice were tested in a novel twochamber apparatus with the dark and the lit (500 Lux) areas interconnected by a small tunnel 30 min after drug administration. The time spent in the two areas was recorded for 5 min after the first entry into the dark tunnel.
Elevated plus-maze test. Mice were video recorded in an elevated crossbar with two walled and two open arms for 5 min starting 30 min after drug administration.
Horizontal wire test. The number of mice unable to grasp the wire with the two forepaws and at least one hindpaw within three trials was noted 30 min after drug administration.
Delay fear conditioning. After 3 min of exposure to the chamber, mice received three successive tone-shock pairings (3 min apart; tone, 80 dB, 1 kHz, 10 s; footshock, 0.5 mA, 50 Hz, 0.5 s), with the shock delivered during the last 500 ms of the tone. Freezing was recorded 48 h later in a modified context (new olfactive, tactile, and visual cues) for 3 min and subsequently in the presence of the tone for 8 min.
Trace fear conditioning. The procedure was similar to that for delay conditioning, except that an empty trace interval of 1 s was interposed between the tone and the footshock in three learning trials.
Contextual fear conditioning. Mice placed individually into a chamber for 3 min were exposed to three consecutive footshocks (0.5 mA, 50 Hz, 1-s duration, 1 min apart). Freezing to the same context was measured during 6 min, 24 h after conditioning.
Results
Molecular and Cellular Characterization. In recombinant ␣ 5 ␤ 3 ␥ 2 receptors, the GABA response was largely unaltered when the histidine residue in position 105 of the ␣ 5 -subunit was replaced by arginine, but diazepam showed practically no affinity (23, 24) . This point mutation was therefore introduced into the germ line of mice by gene targeting (Fig. 1) . A replacement vector RK-A5, which contained the desired point mutation in exon 4 and a loxP-flanked neomycin-resistance marker in intron 4, was electroporated into RW-4 embryonic stem (ES) cells. Correctly targeted ES cells containing the point mutation and the neo marker (Targeted allele 1, Fig. 1a) were injected into blastocysts. Mice carrying this mutant allele were bred to Ella-cre mice (17) . The Ella-cre transgene efficiently eliminated the loxP-flanked neomycin resistance cassette from the germ line, thus generating targeted allele 2 (Fig. 1a) . The Ella-cre transgene was bred out. The mutant alleles were analyzed by Southern blotting (Fig. 1b) , sequence analysis (Fig. 1c) , and Northern blotting (Fig. 1d ).
␣ 5 (H105R) mice showed no overt distinctive phenotype and bred normally. The major GABA A receptor subunits (␣ 1 , ␣ 2 , ␣ 3 , ␤ 2/3 ,and ␥ 2 ) were expressed at normal levels in the ␣ 5 (H105R) mice, as shown by Western blotting apart from a slight reduction of the ␣ 5 subunit protein (20% Ϯ 5%) (Fig. 1e) . In keeping with the introduction of the point mutation, the number of diazepaminsensitive sites was increased in ␣ 5 (H105R) mice with no change in K d as shown by radioligand binding in whole brain without cerebellum by using [ 3 H]Ro 15-4513 in the presence of 10 M diazepam (B max ϭ 0.046 Ϯ 0.008 pmol/mg protein in wild type, 0.111 Ϯ 0.009 pmol/mg protein in mutant; K d ϭ 3.1 Ϯ 0.8 nM in wild type, 3.2 Ϯ 0.7 nM in mutant, n ϭ 4 each). Autoradiographically, the newly generated diazepam-insensitive binding sites were present exclusively in areas expressing the ␣ 5 subunit in wild type with the highest density in olfactory bulb and hippocampus and low levels in cerebral cortex and some brainstem nuclei (Fig. 2a) .
Immunohistochemically, the ␣ 5 subunit staining was prominent in the olfactory bulb, caudal spinal trigeminal nucleus, and dorsal horn of the spinal cord, and was moderate in deep cortical layers and superior colliculus to a similar extent in both wild-type Table 1 for quantification). (d and dЈ) Images from confocal laser scanning microscopy, depicting a double-immunofluorescence staining for the ␣5-subunit (red) and gephyrin (green) in the stratum radiatum of CA1. Gephyrin is a postsynaptic marker of GABAergic synapses. The lack of colocalization with the ␣5-subunit staining reflects the extrasynaptic distribution of ␣5GABAA receptors. The staining intensity of these receptors is markedly reduced in mutant mice, whereas gephyrin immunoreactivity is unchanged. and mutant mice (Fig. 3 a, aЈ, c, and cЈ) . This finding was established by densitometric analysis (Table 1) . Based on the lack of clustering and colocalization with gephyrin (Fig. 3d) , it was confirmed by confocal laser scanning microscopy in wildtype mice that ␣ 5 GABA A receptors in CA1 pyramidal cells were extrasynaptic (11, 12) . In the ␣ 5 (H105R) mutants, however, the dendritic ␣ 5 -subunit staining was reduced exclusively in hippocampal pyramidal cells compared with wild type. The differential laminar staining pattern seen in CA1 and CA3 was nevertheless retained (Fig. 3 b and bЈ; Table 1 ). Despite the striking reduction of ␣ 5 GABA A receptors in hippocampal pyramidal cells (Fig. 3dЈ) , the expression of the postsynaptic ␣ 2 GABA A receptors in the same cells was unaltered in the mutant mice (Fig. 3e) . The expression of the ␣ 1 -and ␣ 3 -subunits in hippocampus of the mutants was likewise unchanged. This result was obtained by the densitometric analysis of the level of expression and laminar distribution of the ␣ 1 -, ␣ 2 -, and ␣ 3 -subunit (Table 2) . Thus, in hippocampal pyramidal cells, the point mutation selectively interfered with the assembly, transport, or turnover of the ␣ 5 GABA A receptor. The ␣ 5 (H105R) mice were therefore expected to display not only a pharmacological phenotype through the lack of the diazepam response at ␣ 5 GABA A receptors, but also a drug-independent physiological phenotype because of the exclusive and cell-specific deficit of ␣ 5 GABA A receptors in hippocampal pyramidal cells.
Pharmacology. The behavioral responses of the ␣ 5 (H105R) point mutation were first assessed pharmacologically. In both wildtype and mutant mice, diazepam was similarly effective in reducing the motor activity (Fig. 4a) and the locomotor activity (not shown), and was similarly protective against pentylenetetrazole-induced tonic convulsions (Fig. 4b) . Furthermore, the anxiolytic-like action of diazepam remained unaltered in the ␣ 5 (H105R) mice, as demonstrated in the elevated plus-maze test and in the light-dark choice test (Fig. 4 c and d) . It was only in the horizontal wire test that ␣ 5 (H105R) mice differed from wild-type mice by their reduced responsiveness to the diazepam- Densitometry was performed in sections processed for immunoperoxidase staining (adult mice, n ϭ 8 per genotype). For each region, two sections were analyzed per animal; background was measured in the fornix and subtracted. The overall lack of a decrease in ␣5-subunit immunoreactivity in the stratum pyramidale (s. pyr.) might represent an increase in intracellular receptors, because membrane-associated ␣5GABAA receptors are reduced in mutant mice (see Fig. 3 d and dЈ) . %, percent deviation from values in wild type. DG, dentate gyrus; OD, optical density values (arbitrary scale); s. lm, stratum laconosum-moleculare; s. lucidum, stratum lucidum; s. mol., stratum moleculare; s. or, stratum oriens; s. rad., stratum radiatum; Vs, spinal trigeminal nucleus. Results are expressed as mean Ϯ SD; NS, not significant (P Ͼ 0.05). induced impairment of the grasping reflex ( Fig. 4e ; P Ͻ 0.01 versus wild type, Newman-Keuls). This effect is attributed to the presence of ␣ 5 GABA A receptors on motoneurons and in the dorsal horn of spinal cord (25) . It is noteworthy that in all of the above test paradigms, the diazepam-independent behavior of the ␣ 5 (H105R) mice did not differ from that of wild-type mice as revealed by the vehicle controls. Thus, the hippocampal deficit of ␣ 5 GABA A receptors was not critical for the drug-independent behavior in these tests, which included the anxiety-related behavior.
Long-Term Potentiation (LTP) and Fear Conditioning. When the neuronal plasticity of hippocampal pyramidal cells was assessed by the induction of LTP, there was no difference in the response properties between wild-type and ␣ 5 (H105R) mice (Fig. 2b) . Submaximal LTP, induced in hippocampal slices by four trains of 20 pulses at 100 Hz with a 20-s intertrain interval, resulted in a similar potentiation (29% Ϯ 6% wild type, 23% Ϯ 3% mutant mice, n ϭ 6 each). This finding suggests that the ability to undergo activity-dependent increases in excitatory synaptic strength was unaltered in ␣ 5 (H105R) mice.
The hippocampus plays an essential role in certain types of associative learning and memory (5, 6, 26) . Trace conditioning is a hippocampus-dependent form of associative learning in which the conditioned stimulus (CS) and the unconditioned stimulus (US) are separated by a certain time interval. However, when the CS coterminates or overlaps with the US, as in delay conditioning, the associative learning does not involve the hippocampus (5, 6, 26, 27) . Wild-type and ␣ 5 (H105R) mice were therefore compared with regard to their ability to acquire a trace fear conditioning task in which the tone and the shock were separated by an empty interval of 1 s. Wild-type and ␣ 5 (H105R) mice displayed a similar increase in the amount of freezing during the learning session. However, when reexposed 48 h later to the tone (8 min), the ␣ 5 (H105R) mice showed an enhanced percentage of freezing in comparison to wild type (Fig. 5a ). As the facilitation in trace fear conditioning might reflect an altered processing of the CS-US association, the mice were tested in delay fear conditioning. This learning task differed from trace fear conditioning only by the lack of time interval between the auditory cue and the shock. Under these conditions, no difference in the fear response was seen between wild-type and ␣ 5 (H105R) mice during the learning session or when the animals were reexposed to the tone (8 min) 48 h later (Fig. 5b) . Similarly, the two groups of mice showed comparable freezing responses when reexposed to the same context (Fig. 5c ). In addition, the pain sensitivity was unaltered in mutant mice compared with wild type as tested in the hot plate test. These control experiments demonstrate that the hippocampus-independent association of the CS and US in delay and contextual conditioning was not impaired in the ␣ 5 (H105R) mice. These results underline the selectivity of the behavioral response to the mutation-induced receptor deficit. It was only in trace conditioning that the ␣ 5 (H105R) mice displayed a behavioral alteration. Thus, the extrasynaptic ␣ 5 GABA A receptors in hippocampal pyramidal cells are critically involved in the processing of the temporal discontiguity of the CS-US association.
Discussion
The ␣ 1 GABA A receptor has been shown to mediate the sedative, amnestic, and anticonvulsant activity of diazepam (15) , whereas the anxiolytic action was mediated via ␣ 2 GABA A receptors (16) . The pharmacological analysis of ␣ 5 (H105R) mice confirmed this view in that the drug responses attributed to ␣ 1 and ␣ 2 receptors remained unaffected. Only the muscle relaxant action of diazepam was impaired in the ␣ 5 (H105R) mutant mice, most likely because of ␣ 5 GABA A receptors located on motoneurons and in the dorsal horn of spinal cord (25) . Thus, the muscle relaxant action of diazepam is mediated by neural circuits expressing more than one type of GABA A receptor, with the ␣ 5 GABA A receptor being added to the previously identified ␣ 2 and ␣ 3 GABA A receptors (21) . It should be noted in this context that GABA A receptor subtypes are identified only by the presence of one distinctive ␣-subunit.
In the ␣ 5 (H105R) mice, the distribution and level of expression of the mutated ␣ 5 GABA A receptor was unaltered in all brain areas except in hippocampal pyramidal cells, which displayed a striking dendritic receptor deficit (Fig. 3, Table 1 ). Apparently, the point mutation interfered with a cell-specific process required for the assembly, transport, or turnover of the ␣ 5 GABA A receptors. Although the underlying mechanism remains to be identified, the mutation-induced receptor deficit was specific for the extrasynaptic ␣ 5 GABA A receptors because the expression of the synaptic ␣ 2 GABA A receptors was unaltered in the same cells. The distinction of synaptic and extrasynaptic location is based on immunohistochemical evidence. GABA A receptors, which are clustered in membrane domains apposed to the anchoring protein gephyrin, are termed synaptic. The presence of gephyrin, which interacts indirectly with the ␥ 2 -subunit of GABA A receptors, is a prerequisite for GABA A receptor clustering (28) . Receptors that are not clustered and do not colocalize with gephyrin are considered extrasynaptic. By this definition, the ␣ 5 receptors were largely extrasynaptic in both wild-type and point-mutated mice, indicating that the point mutation did not interfere with the membrane targeting of the mutated receptor. This finding held for all brain regions expressing ␣ 5 GABA A receptors and included the hippocampus, where the remaining ␣ 5 GABA A receptors were largely extrasynaptic. Furthermore, because the hippocampal expression of the ␣ 1 -, ␣ 2 -, and ␣ 3 -subunits was unaltered in the mutants (Table 2) , a substitution of the ␣ 5 subunit by another ␣-subunit in the pentameric structure of the mutated ␣ 5 GABA A receptors is unlikely.
The ␣ 5 GABA A receptor deficit in hippocampal pyramidal cells of ␣ 5 (H105R) mice permitted the analysis of its contribu- tion to hippocampus-dependent learning and memory. In associative learning, the temporal processing is thought to involve the hippocampus (5, 6, 26, 27) . Indeed, in trace conditioning where the CS and the US are temporally discontiguous, the ␣ 5 (H105R) mice showed a facilitation of the freezing response. Thus, the ␣ 5 GABA A receptors appear to be a molecular substrate for the hippocampal processing of the temporally discontiguous stimuli. In contrast, when the CS and US coterminate or overlap, the hippocampus is not required for CS-US association (5, 6, 26, 27) . Indeed, in delay or in contextual fear conditioning, the response of the mutants did not differ from wild type, which underlines the selectivity of the ␣ 5 GABA A receptors for the behavioral response in trace fear conditioning.
The findings point to a critical role of hippocampal extrasynaptic ␣ 5 GABA A receptors in associative learning. Rhythmic synchronous neuronal activities provide the associative firing needed to trigger changes in synaptic strength (1) (2) (3) (4) (5) (6) . The simultaneous firing of interneurons is known to occur (29, 30) , and GABA spills over to adjacent extrasynaptic GABA A receptors (13, 14) . In this way, extrasynaptic ␣ 5 GABA A receptors can be considered to contribute to the regulation of dendritic excitability of hippocampal pyramidal cells and the efficacy of excitatory inputs, and thereby contribute to the synaptic plasticity regulating the temporal association of threat cues.
